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(e.g. grating interferometry). In conclusion, CAXPCi holds a strong potential for being adopted as a routine laboratory tool for non-destructive, high throughput assessment of 3D structural changes in murine articular cartilage, with a possible impact in the field similar to the revolution that conventional microCT brought into bone research.
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Introduction
Articular cartilage (AC) is an important intraarticular tissue that provides the capacity for load bearing and regulates the mechanobiological processes for tissue development, maintenance, and repair (Halloran et al 2012) . Damaged cartilage rarely heals spontaneously, and its subsequent degeneration, in association with degeneration of other articular tissues, may lead to knee osteoarthritis (OA) (Felson 2006) . OA is the most prevalent form of arthritis, affecting up to 1/3 of the population older than 50 years and, due to lack of effective treatments, the number of patients is predicted to increase with the aging population worldwide (Lawrence et al 2008) . Currently there is no treatment available to recover or restore cartilage losses.
The reason of this lack of progress in the development of effective cures for OA is largely due to the difficulty in diagnosing early cartilage lesions, which, instead, are identified in patients only at later stages in association with pain. This limits the possibility to design effective clinical trials for new drugs. Therefore, animal models of OA and, in particular, genetically modified mice and rats, are proving essential tools to discover the molecular mechanisms implicated in the aetiopathogenesis of the disease and hold the potential to lead to novel pharmacological target (Little and Fosang 2010) . However, it is currently debated if small rodent models of OA can be truly representative of the human pathogenesis. This is largely due to the small size of their stifle joints, which the current clinical imaging methods (MRI or x-ray) are unable to image. MRI is limited in terms of resolution, while conventional x-rays imaging is limited by insufficient sensitivity, as cartilage is notoriously 'x-ray transparent' (Muehleman et al 2004) . AC in the knee joint of the mouse model of OA has been routinely assessed solely by traditional histomorphometry (Glasson et al 2010) , which limits the translational potential of the model due to its inherent differences from the clinical signs, namely:
• destructive and cross-sectional assessment versus non invasive and longitudinal;
• qualitative (histological grading) versus quantitative (volume/density); • 2D (sections) versus 3D (as in CT and MRI) tissue morphology.
• These limitations prompt the current need for a new technology for imaging AC in the murine joint, with outcomes comparable with clinic imaging of human joints. This is expected to significantly advance the field of OA discovery medicine by:
(1) providing similar end points for the mouse model compared to the clinic, thus truly assessing its translational potential; (2) introducing a quantitative approach to the measurement of the cartilage; (3) replacing histology (very costly in terms of time and resources) with a more efficient, high throughput, longitudinal imaging method; (4) providing a sound structural basis (in 3D) for the biomechanical modelling of the articular joint in small rodents.
Recent progresses in high-resolution microCT imaging have led to successfully monitoring the spatio-temporal changes in the periarticular bone, but not in articular cartilage, in the mouse knee joint during the progression of disease (Botter et al 2006) . Ionic partition equilibrium contrast agents for cartilage, either cationic (Xie et al 2009) or anionic (Bansal et al 2011) can, at best, achieve functional rather than truly structural information (due to their differential binding to healthy versus diseased cartilage).
Therefore, contrast agent free, phase-based x-ray methods might offer an attractive solution. These methods emerged in the mid-1990s both at synchrotrons (Snigirev et al 1995) and with microfocal laboratory sources (Davis et al 1995 , Wilkins et al 1996 , both in 'free-space propagation' (Snigirev et al 1995 , Wilkins et al 1996 and by means of perfect crystals, used either to analyse of changes in the x-ray direction due to refraction (Ingal and Beliaevskaya 1995 , Davis et al 1995 , with an important precedent in Förster et al 1980 , or in the classic Bonse and Hart (1965) interferometer arrangement (Momose et al 1996) . In fact, phase based methods have been used on cartilage before, often on thicker human cartilage samples (Mollenhauer et al 2002 , Muehleman et al 2004 , Majumdar et al 2004 , Coan et al 2010a , Diemoz et al 2010 , Cooper et al 2011 , primarily at synchrotrons, and more specifically with the analyser based method (Ingal and Beliaevskaya 1995, Chapman et al 1997) . This leads to excellent results (notably also in vivo on small animals, see Coan et al 2010b) , but the main problem is the limited access to synchrotron facilities, which does not allow a widespread use of the technology in laboratories worldwide. Attempts at translating crystal methods into use with laboratory sources are underway, also on (human) cartilage studies (Muehleman et al 2009) ; however, the crystal intrinsically requires the selection of only one narrowly defined x-ray wavelength, thus severely penalizing the flux available from a conventional source.
Crystals aside, up to a few years ago the only alternative to synchrotron facilities was provided by microfocal sources, the use of which however results in exposure times of up to hours also for simple planar images (Wilkins et al 1996) , due to their low emitted flux. This notwithstanding, examples of application to the imaging of murine cartilage exist (Lee et al 2010) . More recently, methods have emerged that allow the translation of phase methods into use with conventional and non-microfocal laboratory sources. One such method is grating interferometry, developed first at synchrotrons (David et al 2002 , Momose et al 2003 , and more recently adapted for use with extended sources (Pfeiffer et al 2006) . This adaptation is achieved by introducing a third, 'source' grating that slices the extended source into a series of mutually incoherent, but individually coherent 'sourcelets'; in optics, this corresponds to switching from a 'Talbot' to a 'Talbot-Lau' interferometer (Case et al 2009) . By finely matching the lateral positions of the three gratings, and adjusting the distances between the second couple of gratings so that the 'Talbot self-imaging' effect is realized (Talbot 1836) , phase perturbations can be observed while using an extended laboratory source. This has been used to image bone cartilage (Kido et al 2010) , indicating also that cartilage in water could be visualized by going form the first to the third Talbot order (Stutman et al 2011) . A 'single grating' version also exists, in which images are then analysed by means of Fourier methods, which however seems to affect to some extent spatial resolution and possibly sensitivity (Bennett et al 2010) .
We follow here a much simpler approach, derived from the 'edge illumination' concept developed at ELETTRA (the synchrotron facility in Trieste, Italy) in the late nineties (Olivo et al 2001) . The method is based on shaping the beam in such a way that, instead of illuminating the full pixel area, the beam only hits its edge. If only the edge of the pixel is illuminated by radiation, with the beam straddling sensitive and insensitive regions, it is very easy for a photon refracted by the sample to 'change its status' from detected to undetected (if initially it hit the pixel, and is then deviated outside it by the interaction with the sample), and vice-versa. Figure 1 . Schematic of the used x-ray phase contrast method. The pre-sample aperture system creates a plurality of beams, each of which hit the edge on one of the apertures on the detector mask. Sample-induced refraction of also parts of the individual beams causes the amount of radiation detected by the individual detector pixels to change.
Typically, in a synchrotron set-up, the beam is vertically very narrow, and only one row of pixels is used, with the single 'laminar' beam hitting the top or bottom edge of this pixel row. The method, however, is easily adapted to a plurality of detector lines by means of masks, as shown in figure 1 .
The first mask, placed immediately before the sample, creates a plurality of individual beams, spaced at the same pitch as the detector pixels. Since, unless very specialized detectors are used, an insensitive region is not available in a 2D detector, this is created by means of a second mask placed in contact with the detector, with the pitch also matching that of the pixel. In this way, the 'edge illumination' condition described above is repeated for every single line of pixels in a 2D detector. Although figure 1 shows the parallel beam implementation that would be used at a synchrotron, the method is readily adapted to a divergent beam, simply by scaling down the first mask according to the beam divergence (Olivo and Speller 2007a) . This approach was demonstrated to provide intense phase signals also with fully polychromatic beams and uncollimated, unapertured source size of up to 100 μm (Olivo and Speller 2007b) . The method has been modelled both on the basis of the simplified ray-tracing approach (Olivo and Speller 2008) , and of the more sophisticated wave-optics approach based on near-field Fresnel/Kirchhoff diffraction integrals (Munro et al 2010) . Because of the much-simplified set-up compared to other methods, the method is easily scalable and leads to exposure time reductions (Olivo et al 2011) .
We show here an application of this method to the imaging of thin rat AC layers, demonstrating that, despite the use of a fully polychromatic beam originating from a relatively large focal spot, the method provides sufficient phase sensitivity to correctly visualize such layers. Moreover, by artificially creating small lesions (dents) on the cartilage surface, we also show that the method can correctly detect damage on thin cartilage layers. To validate this last result, histological examination was performed on the same samples, showing excellent correlation of cartilage geometry and lesion location. We also show detection of cartilage layers in fluid, which demonstrates a phase sensitivity at least comparable to that of a Talbot-Lau phase contrast imaging system operated on the third Talbot order.
In summary, we demonstrate that a simple implementation of an x-ray phase contrast imaging method based on apertured masks is sufficient to perform cartilage studies in murine models. Alongside providing a simple and cost-effective laboratory-based imaging system to cartilage studies, this is a significant result also for the coded-aperture phase contrast method, as it demonstrates that it has sufficient sensitivity to correctly visualize small defects in a sample which is notoriously challenging for x-ray imaging. This paper also shows the improved image quality provided by the UCL coded-aperture imaging system following the upgrade to the Rigaku M007 source (see below): the high stability of this source eliminated the noise contributions due to focal spot wobble, which were visible in previously published examples (e.g. Speller 2007b and Olivo et al 2011) .
Materials and methods

Sample preparation
The tibiae from 12 weeks old (250-300 g) Sprague-Dawley rats were dissected shortly after euthanasia and fixed in 10% buffered formalin for 24 h. The tibiae were then sliced in sections of thickness ranging 1-2 mm using a slow rotating saw (Blueher) and moved into 70% ethanol in which they were stored until use. Before imaging, the sections of the tibiae were then re-equilibrated in saline solution for at least 1 h. Samples imaged 'in air' were placed on the imaging stage and allowed to dehydrate. Samples imaged 'in fluid' were placed on the imaging stage in sealed containers filled with saline solution. Small lesions on the cartilage surface were generated by a surgical scalpel and consisted of a simple cut (mimicking a fissure-like lesion) or wedge shaped dent produce by two converging cuts (mimicking a full thickness cartilage lesion).
X-ray imaging
The coded-aperture system is based on a Rigaku M007 molybdenum, rotating target x-ray source. For this experiment, the source was operated at 40 kVp and 25 mAs, which results in a focal spot size (full width at half maximum) of approximately 75 μm. We used the ANRAD 'SMAM' amorphous selenium flat panel, which has a pixel size of 85 μm. The pre-sample mask consisted a series of 720 × 4.8 cm long vertical 12 μm wide apertures, with a 66.8 μm pitch, obtained in an approximately 30 mm thick gold layer electroplated on a graphite substrate. The detector mask had a similar design, but with 6 cm long, 20 μm wide apertures with an 83.5 μm pitch. In this case the mask was slightly underplated, i.e. the gold thickness was approximately 20 μm thick. This allowed partial x-ray transmission, thus leading to a slight reduction of the contrast with respect to the one that would be achieved with a completely absorbing mask. Nevertheless, sufficiently high contrast to visualize the cartilage layer and detect small cartilage damage was achieved, as shown below. Both masks were manufactured to the authors' design by Creatv Microtech (Lake Potomac, MD). Mask alignment was achieved via a stack of Newport translation stages (ILS150, MFA and SR50) and Kohzu cradles (SA070RM), and images were obtained at 50% illumination (Olivo and Speller 2007b) . The source-to-sample and sample-to-detector distances were 1.6 m and 0.4 m, respectively. Considering that the thickness of the rat hyaline cartilage layer in the rat tibial epiphysis ranges from 100 to 300 μm, and the detector pixel was of 85 μm, we adopted a 'dithering' method to increase the spatial resolution. The sample was imaged in four consecutive positions displaced by 16 μm in the direction orthogonal to the mask apertures, and the four images were recombined to produce an image with increased spatial resolution. Projected on the detector plane this corresponds to 20 μm, which is equal to the aperture width on the detector mask, and corresponds roughly to one quarter of the pixel. As the detector mask effectively redefines the pixel response function (in practice reducing it to 20 μm), this image recombination can be operated without the need for any deconvolution procedure (Olivo et al 2000, Olivo and . Considering that in the used geometry the projected source size is also of about 20 μm, using more than four 'dithering' steps would not lead to a further improvement in the achieved resolution. The resolution in the presented images is thus of about 20 μm (slightly higher considering the small sample magnification) in one direction, and about 80 μm in the other.
Histology
Samples were dehydrated through ethanol grading and acetone before being infiltrated with methyl methacrylate with a cold protocol previously described (Chappard et al 1987) . A Leica microtome equipped with a tungsten carbide knife was used to section the rat tibiae at a thickness of 8 μm. Sections were stained with either toluidine blue or von Kossa combined with safranin orange, according to standard protocols (Glasson et al 2010) . Toluidine blue reveals the hyaline as well as the calcified cartilage staining in dark blue colour and the bone tissue stains lighter blue. Von Kossa/safranin orange causes all the mineralized matrix, including the calcified cartilage, to stain black and the hyaline cartilage to stain orange/purple.
Image analysis
A software procedure (Matlab platform, MathWorks, USA) was developed to analyse the x-ray images and perform an automated threshold-based measurement of cartilage thickness. Briefly, images were binarized using a threshold obtained by Otsu's thresholding method. The top edge of the tibia and the inner boundary of the cartilage region were then identified in the binarized images using a edge detection algorithm. The top inner edge of the cartilage was translated onto the upper edge detected in order to compose the correct mask enclosing the cartilage region. This automatically computed mask was validated by comparing it to the mask obtained by manually contouring the cartilage layer and a strong similarity was found. This automated segmentation of the cartilage was possible in the high contrast images acquired in air, whereas for the images acquired in saline manual contouring was used. The thickness of the area enclosed in this mask (automatically determined or manually drawn) was then calculated with ImageJ software, using a plugin called BoneJ (Doube et al 2010) , which provides a routine calculating the average thickness of a structure as the average diameter of the best-fitting set of spheres within the structure geometry. Figure 2 shows example phase contrast images of the intact cartilage. The section was obtained from the top part of the rat tibia. As the aim in this case was the correct visualization of the cartilage layer, the sample was oriented with the cartilage layer parallel to the mask apertures to achieve phase sensitivity in the desired direction. This is also the direction along which the spatial resolution is increased from 85 μm to about 20 μm. As it can be seen, the cartilage is clearly visualized with a strong refraction signal coming from the interface. The bone trabecular structure left in the sample is also correctly visualized, as is the growth plate cartilage indicated by the black arrow in figure 2(a) . The thickness of the hyaline cartilage layer for the medial and lateral side of the tibia shown in figure 2(a) , was 230 μm and 180 μm, respectively, as determined by automated, threshold-based image analysis.
Results and discussion
Figure 2(b) shows the image of a second sample immersed in saline solution, resulting in a near matching refractive index between cartilage and surrounding fluid. Nevertheless, the cartilage edge is still detected (see white arrowheads in figure 2(a) ), albeit at a reduced contrast. Figure 2 (c) shows a profile of the refraction intensity extracted from the region of interest displayed in red in figure 2(b) . The refraction peaks correspond to the fluid/cartilage and cartilage/bone. The average thickness of the lateral side of the hyaline cartilage layer in water was 120 μm, which is consistent with the distance obtained in the profile of figure 2(c) (∼130 μm). The refraction contrast is reversed with respect to the image shown in figure 2(a), as the system was realigned between the two measurements and the other side of the apertures in the detector mask was illuminated by the beam Speller 2007b, 2008) . The white vertical stripes visible in figure 2(b) are due to mask defects, the presence of which is related to the proof-of-concept nature of the used imaging prototype. These could be eliminated in a commercial system. The contrast values observed at the cartilage/fluid interface visible in figures 2 (b) and (d), and quantifiable from the graph in figure 2 (c) , are approximately equivalent to those reported by Stutman et al (2011, figure 9(d) in particular), although in that case a porcine articular joint was imaged, with a consequently considerably thicker cartilage layer. It should also be noted that Stutman et al's results refer to images obtained at the third Talbot order, while the cartilage/fluid interface could not be visualized using the first Talbot order. Figure 3 shows the coded-aperture phase contrast (a) and the conventional absorption (b) images of a third, equivalently prepared sample (in air), after two small lesions were created on both sides of the cartilage layer with a surgical scalpel as described in the methods. The lesions are indicated by black arrows in figure 3(a). As can be seen, both the fissure-like and the full thickness-like lesion are very clearly visible in the phase contrast image, and the nature and shape of the damage can be recognized. In this case, the sample was oriented at 90
• with respect to the image shown in figure 2(a) for maximum phase sensitivity in the direction along which we expected the dent to have developed; as a result, also the trabecular bone structure is substantially enhanced in the image. This goes at the expense of the visibility of the cartilage surface, which is not fully visualized in this case; this, however, also demonstrates that the cartilage layer is invisible to free-space-propagation phase contrast imaging implemented with the same set-up and the same set of distances. It should be noted that, by using L-shaped apertures , rotating the sample would not be necessary, and all the above features would be visible simultaneously. These however were not available for the ANRAD detector at the time of this experiment.
To demonstrate that such dents would not be detected by conventional methods, we also show the absorption image ( figure 3(b) ), obtained in exactly the same conditions apart from the fact that the coded-aperture masks were removed and the sample was moved closer to the detector. A consequence of the removal of the masks is an increased x-ray statistics in figure 3(b) , as it can be seen from the less noisy background. This notwithstanding, neither the cartilage nor the cartilage damage are correctly visualized in the absorption image. Possibly with the guidance of figure 3(a) one can identify a faint 'shadow' in the positions where the dents are expected to be, but it would be very difficult to identify these as damages based on figure 3(b) alone, and their shape and size are clearly not recognizable. An additional feature that emerges from the comparison between figures 3(a) and (b) is the highly enhanced contrast of the trabecular bone structures in coded-aperture phase contrast imaging compared to conventional methods.
Finally, figure 4 shows the result of the histological examination which confirmed the findings obtained by means of the phase contrast x-ray method. Both lesions on the lateral and medial side appeared very clearly in the two different staining protocols and closely resembled the phase contrast x-ray image shown in figure 3(a) . Notably the Von Kossa/Safranin Orange staining closely resembles the phase contrast x-ray image, demonstrating specifically that the hyaline cartilage is identified by this imaging methodology.
Conclusions
With this preliminary, proof-of-concept study we have demonstrated that coded-aperture based x-ray phase contrast imaging implemented with conventional, uncollimated, non-microfocal laboratory sources can (1) correctly visualize the cartilage layer in slices of an excised rat tibia and (2) detect possible damages to this layer. Our measurements of the average thickness of the rat hyaline cartilage in the tibia is in agreement with complementary techniques including intra-articular injection of radio-opaque contrast agents (Gu et al 2012) and conventional histology performed in our lab and by others (Hayami et al 2006) . It should be noted that the measurements were based on 2D projections, and therefore cannot entirely reflect the actual average thickness in 3D, as they are affected by inter-sample variability due to different angles of sectioning the sample and any possible slight 'tilt' of the sample in the imaging system. This explains for example the variations in average thickness found between samples acquired in air and saline. This variability should be avoided by the introduction of the full 3D system (currently under development), which will avoid sample sectioning and alignment of the sections orthogonally to the optical axis.
CAXPCi was also able to precisely visualize artificial lesions on the cartilage surface, similarly to ionic equilibrium ionic partition-based contrast enhanced microCT (Palmer et al 2006) . As well known, this is notoriously a difficult problem in conventional x-ray imaging, as reported in previous literature (see for example Muehleman et al 2004) and demonstrated by the shown absorption image ( figure 3(b) ) which was acquired with the same source and detector. We also confirmed these findings with histology, thus providing ultimate validation of the results. We therefore expect that the method could be widely used in cartilage studies in murine models, as it would allow the detection for example of the thinning of cartilage layers as well as of a variety of cartilage lesions. This would be beneficial to a large number of animal models used by osteoarthritis research, especially considering that the low dose allowed by the pre-sample mask and the relatively short exposure times required by the method would potentially allow longitudinal studies in vivo. In fact, although images were acquired with a preliminary prototype effectively designed for another application, entrance doses were of the order of 5 mGy (as measured by a calibrated FLUKE ionization chamber positioned behind the pre-sample mask), and the exposure times were of about 1 min. Both these values refer to a single dithering step; although more than one dithering step was effectively used in this study, this was done solely to increase the resolution with respect to the used 85 μm pixel, and it could thus be avoided simply by using a detector with a smaller pixel size. Indeed there is the potential to develop a new gold standard for pre-clinical assessment of the articular cartilage in murine models of OA similar to conventional microCT for the bone research community (Ritman 2004 ).
Finally, we have shown correct visualization of the cartilage interface also when this is immersed in saline solution: comparison of these results with those previously obtained with grating interferometry (Stutman et al 2011) allowed for estimating a phase sensitivity of the proposed method at least comparable to that provided by a grating-based system operated on the third Talbot order.
As we are currently developing means to increase the resolution of the system, the next important step would be to implement these results from the rat to the mouse model, which we will investigate when the new system becomes available.
